A recently discovered class of receptors, melanocortin-3 and -4 receptor (MC3/4-R), are located within the brain and modulate feed intake in rodents. Stimulation of the receptor (agonist) inhibits feed intake whereas blockade (antagonist) of the receptor increases intake. Our knowledge of factors regulating voluntary feed intake in humans and domestic animals is very limited. i.c.v. administration of an MC3/4-R agonist, NDP-MSH, suppressed (P,0·05) feed intake compared with controls at 12, 24, 48 and 72 h after treatment in growing pigs. Fed pigs were more responsive to the MC3/4-R agonist then fasted animals. However, i.c.v. treatment with MC3/4-R antagonist, SHU9119, failed to stimulate intake. The failure of MC3/4-R antagonist to stimulate feed intake suggests involvement of other brain hormone(s) which antagonize the action of SHU9119 at the MC3/4-R, blocking its stimulatory effect on intake. Treatment with NDP-MSH or SHU9119, across a wide dose range, failed to affect LH and GH secretion, except for the 10 µg dose of NDP-MSH, which exhibited both a stimulatory and an inhibitory effect on GH secretion in fasted animals. Treatment with agouti-related peptide, a natural brain hormone that blocks the MC3/4R, failed to stimulate feed intake. These results do not support the idea that endogenous melanocortin pays a critical role in regulating feed intake and pituitary hormone secretion in the pig. SHU9119 blocked the NDP-MSH-induced increase in cAMP in HEK293 cells expressing the porcine MC4-R sequence without the missense mutation. The EC 50 and IC 50 values were similar to the human MC4-R, confirming that SHU9119 is a pig MC4-R antagonist. However, pigs were heterozygous for an MC4-R gene missense mutation. It is possible that the MC4-R mutation alters function and this may explain the failure to demonstrate MC3/4-R involvement in modulating feeding behavior and LH and GH secretion in the pig.
Introduction
Our knowledge of factors regulating voluntary feed intake in humans and domestic animals is very limited. Much of what is known is based on studies in rodents. Agouti-related peptide (AGRP), produced in the arcuate nucleus of the hypothalamus, is an endogenous antagonist of alpha-melanocyte-stimulating hormone (MSH) at melanocortin-3 and -4 receptor (MC3/4-R) (Ollmann et al. 1997) . Secretion of AGRP in the hypothalamus blocks the anorexic effects of alpha-MSH. AGRP, like neuropeptide-Y (NPY), is overexpressed in db/db and ob/ob mice ) and caused hyperphagia and obesity when overexpressed in transgenic mice . Moreover, administration of an MC4-R antagonist, SHU9119, blocked leptin's inhibition of food intake (Seeley et al. 1997) . A recent report by Kask et al. (1998) demonstrated that i.c.v. administration of HS014 (0·33-10 nmol), a selective antagonist for the MC4-R, increased food intake for up to 4 h posttreatment in rats. In addition, chronic i.c.v. administration of HS028, an MC4-R antagonist which exhibits higher affinity for the MC4-R receptor than HS014, increased food intake and body weight (BW) for a period of 7 days (Skuladottir et al. 1999) . In contrast, stimulation of the MC4-R by central administration of the MC4-R receptor agonist, MTII, reduced food intake and BW at 24 and 48 h after treatment (Thiele et al. 1998) .
Both the MC4-R and MC3-R are predominantly expressed in higher brain centers, but are also expressed in areas within the hypothalamus involved in regulating gonadotropin-releasing hormone (GnRH) (Kraeling & Barb 1990 ) and growth hormone (GH)-releasing hormone (Leshin et al. 1994) release and subsequent luteinizing hormone (LH) and GH secretion. Thus, anatomically the MC3/4-R is well positioned to interact with GnRH-producing neurons to modulate reproductive activity. In support of this idea, Watanobe et al. (1999) reported that blockade of MC4-R suppressed the steroidinduced LH and prolactin (PRL) surges in normal-fed ovariectomized (OVX) rats.
The objective of the present study was two-fold: first, to examine if the MC3/4-R in the brain modulates feed intake and energy homeostasis in pigs, and secondly, to determine if the MC3/4-R receptor modulates LH and GH secretion. These studies were conducted utilizing the pig, a species devoid of brown adipose tissue.
Materials and Methods

Experiment (EXP) I. Central administration of MC3/4-R antagonist (SHU9119)
EXP Ia Sixteen OVX crossbred prepuberal gilts, 81 2 kg BW and 130-140 days of age were surgically implanted with i.c.v. cannulas using the stereotaxic procedure of Estienne et al. (1990) and Barb et al. (1993) with the following modification. To facilitate i.c.v. injections, a Silastic tube attached to the stainless steel injection cannula was extended s.c. to the dorsal neck region and exteriorized. Patency was maintained by flushing with sterile physiological saline (Johnson et al. 1994) . All procedures were approved by the Richard B Russell Agriculture Research Center Committee on Animal Care and Use. Animals were individually penned in an environmentally controlled building and exposed to a constant temperature of 22 C and an artificial 12 h light:12 h darkness photoperiod. Pigs were fed ad libitum a corn-soybean meal ration (14% crude protein) supplemented with vitamins and minerals, according to NRC guidelines (NRC 1998). Animals were meal fed twice daily and baseline food intake was quantified prior to the onset of the study. One week after the last i.c.v. surgery, all pigs were fitted with an indwelling jugular vein cannula (Barb et al. 1982) . Blood samples were collected every 15 min for 4 h before and 4 h after i.c.v. injections of 150 µl 0·9% saline (n=4) or 0·01 nmol (n=4), 0·1 nmol (n=4) or 1 nmol (n=4) MC3/4-R antagonist (SHU9119; Bachem, Torrance, CA, USA) in 150 µl saline. Serum was harvested and stored at 20 C until assayed for LH and GH by RIA. Hourly samples were assayed for glucose and free fatty acids (FFA).
EXP Ib
One week later the study was repeated with pigs reassigned to treatment. The experiment followed the same protocol described above with the following modifications: i.c.v. injections of 150 µl saline (n=4) or 3 nmol (n=4) or 6 nmol (n=4) MC3/4-R antagonist, SHU9119, in 150 µl saline. Blood samples were not collected. 
EXP Ic
EXP II. Central administration of MC3/4-R agonist (NDP-MSH)
EXP IIa Eighteen OVX prepuberal gilts, 65 1 kg BW and 120-130 days of age, were surgically implanted with i.c.v. cannulas, housed and fed as described in EXP I. All pigs were randomly assigned to treatment and fitted with an indwelling jugular vein cannula 24 h before treatment. Feeders were removed and animals fasted for 12 h prior to i.c.v. treatment. Blood samples were collected every 15 min for 2 h before and 6 h after i.c.v. injections of 150 µl saline (n=4) or 0·03 nmol (n=4), 0·3 nmol (n=4) or 3 nmol (n=4) of MC4-R agonist, NDP-MSH, in 150 µl saline. Serum was harvested and stored at 20 C until assayed for LH and GH by RIA. Hourly samples were assayed for glucose and FFA.
EXP IIb
One week later gilts were randomly assigned to a 2 2 factorial arrangement of treatments with the main effects of feeding status (fed vs fasted) and treatment (saline vs NDP-MSH) resulting in the following groups; fed+saline (n=3), fed+NDP-MSH (n=3), fast+saline (n=4) and fast+NDP-MSH (n=4). Feed was removed 24 h prior to i.c.v. treatment. Blood samples were collected only from the fasted animals and treatments were administered as described above except only 10 µg NDP-MSH were utilized.
Feed intake After i.c.v. treatment (time=0) feeders were placed in all pens and feed intake monitored at 12, 24, 48, 72 and 96 h after feed presentation.
EXP III. Central administration of AGRP, an MC4-R antagonist
EXP IIIa Eighteen OVX crossbred prepuberal gilts, averaging 70 1 kg BW and 120-130 days of age, were surgically implanted with i.c.v. cannulas using the stereotaxic procedure as described above. Animals were individually penned, housed and fed as described in EXP Ia. Blood samples were collected via venepuncture and each animal genotyped for MC4-R polymorphs. Baseline food intake was quantified prior to the onset of the study. On the day of treatment, feeders were removed 1 h prior to treatment and pigs received i.c.v. injections of 150 µl 0·9% saline (n=4) or 0·1 µg (n=4), 1·0 µg (n=4) or 10 µg (n=3) of AGRP, an MC4-R antagonist (human AGRP 83-132 amide; Phoenix Pharmaceuticals, Inc., Belmont, CA, USA) in 150 µl saline.
EXP IIIb
This followed the same protocol described above except for the following modifications: pigs received i.c.v. injections of 150 µl saline (n=4) or 18·4 µg (n=3), 36·9 µg (n=4) or 73·8 µg (n=4) of AGRP in 150 µl saline.
Feed intake After i.c.v. treatment (time=0), animals were given continuous access to feed, and feed intake was monitored at 2, 4, 6, 12, 24, 48, 72 and 96 h.
Metabolite and hormone assays
Serum concentrations of GH (Barb et al. 1991) and LH (Kesner et al. 1987) were quantified by RIA as previously described. Sensitivity of the assays was 0·4 and 0·15 ng/ml for GH and LH respectively. Intra-and inter-assay coefficients of variation were 3·3 and 13% for GH and 4·6 and 10% for LH respectively. Samples were assayed for glucose using a glucose oxidase kit (Sigma Chemical Co., St Louis, MO, USA) and FFA using a colorimetric assay kit (Wako Chemical USA, Inc., Richmond, VA, USA).
Mutation detection
Whole blood lymphocytes were isolated by standard methods (Kendall et al. 1991) . The pelleted lymphocytes were suspended in RNAlater (Ambion, Inc., Austin, TX, USA), held at room temperature overnight and then stored at 70 C. The samples were thawed, the RNAlater carefully decanted and the tissues were suspended in cell lysis buffer (Roche Magna Pure DNA isolation kit I; Roche Diagnostics, Mannheim, Germany; 1 ml/g tissue). Tissues were then homogenized with a Wheaton loose-fitting Dounce homogenizer. Samples were then processed using a Magna Pure LC Robotic Instrument to complete DNA isolation (Roche Diagnostics).
To determine if the animals used in this study carried a mutation in the MC4-R gene, we used primers as described by Kim et al. (2000) to amplify the porcine MC4-R gene from the genomic DNA. Briefly, 0·5 mM forward (tggcaatagccaagaacaag) and reverse (caggggatag caacagatga) primers were mixed with Invitrogen PCR Supermix (Invitrogen, Carlsbad, CA, USA) and 5 µl genomic DNA as a template. A Perkin Elmer Applied Biosystems Gene Amp PCR system 9700 thermocycler (Perkin Elmer, Inc., Stamford, CT, USA) was utilized with the following amplification conditions: one cycle 94 C for 5 min, 30 cycles at 94 C for 1 min, 58 C for 1 min and 72 C for 1·5 min, followed by one cycle at 72 C for 15 min.
The 750 bp product was gel purified (Qiagen Qiaquick Gel Extraction Kit; Qiagen, Inc., Valencia, CA, USA) and used as a template for a second PCR reaction. The second PCR reaction was set up to amplify a smaller portion of the polymorph region so that a Taq1 restriction digest Figure 1 Cumulative feed intake (means S.E.) for pigs receiving i.c.v. injections of saline (n=4) or 0·01 nmol (n=4), 0·1 nmol (n=4) or 1 nmol (n=4) of MC3/4-R antagonist, SHU9119. A treatment time interaction (P,0·02) was detected. Times at which effects of treatment were different from saline-treated animals, *P,0·05.
could identify the single nucleotide polymorphism (TCGA) as described by Kim et al. (2000) . The reaction tube contained 2 µl template DNA, and PCR Supermix cocktail containing 0·5 mM primers (forward=taccctgac catcttgattg, reverse=atagcaacagatgatctcttt). This PCR reaction was performed under the following amplification conditions: one cycle 94 C for 5 min, 30 cycles at 94 C for 1 min, 56 C for 1 min and 72 C for 1·5 min, followed by one cycle 72 C for 15 min.
The PCR product was purified (Qiagen Qiaquick PCR Purification Kit; Qiagen), and suspended in 50 µl Tris-EDTA buffer. A restriction digest in the presence and absence of Taq1 restriction endonuclease (New England Biolabs, Inc., Beverly, MA, USA) was conducted for 2 h. Subsequently, sample buffer was added to the restriction digest and the reaction was electrophoresed on a 2% agarose/ethidium bromide gel. The gel was illuminated and imaged using a Hitachi Genetic Systems CCDBIO16SC imaging station (MiraiBio, Inc., Alameda, CA, USA). PCR products were sequenced to confirm the inclusion of the single nucleotide polymorphism as described by Kim et al. (2000) .
SHU9119, MC4-R antagonist
The porcine MC4-R open reading frame (Accession No. AB021664) was amplified by RT-PCR using porcine hypothalamic RNA, and cloned into the PCDNA3·1/V5-HisTOPO vector. This construct was then amplified in E. coli and purified using a Qiagen Maxi Prep Kit. The construct was transformed into HEK293A cells using Fugene-6 liposome-mediated transformation reagent (Roche Molecular Biochemicals, Indianapolis, IN, USA). The protocol required a ratio of 5 µl Fugene-6 per 1 µg construct DNA. After 2 days of incubation in standard growth medium (DMEM; 10% fetal bovine serum, 0·01% penicillin/streptomycin (Gibco BRL, Rockville, MD, USA)), the medium was changed to growth medium containing 500 µg/ml geneticin. Stable clones were selected from foci that developed following several weeks of selection. Stable cell lines were chosen based on NDP-MSH-stimulated intracellular cAMP accumulation. Individual cell clones yielding a 5-to 10-fold stimulation of intracellular cAMP were further characterized by performing a full dose titration of NDP-MSH SHU9119 (Bachem Biosciences, King of Prussia, PA, USA). Briefly, cells were plated into a 96-well plate at 15 000 cells/ml and allowed to grow to confluence (approximately 2 days). Cells were incubated for 30 min with a full concentration range of NDP-MSH (2 µM-0·0004 nM) in triplicate in the presence of 4 nM SHU9119. All drug solutions were made in a phosphate saline buffer containing 0·2 mM isobutylmethylxanthine (Sigma). Incubation was terminated by aspiration followed by addition of 200 µl cell lysis buffer. Intracellular cAMP was quantified using the BIOTRAK whole cell cyclic AMP EIA (Amersham, Piscataway, NJ, USA). Non-linear regression curve fit was performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA).
Statistical analysis
To determine the effect of treatment on feed intake and serum LH, GH, glucose and FFA concentrations across time in EXPs I, II and III, data were subjected to the general linear model split plot-in-time ANOVA procedure of the Statistical Analysis System (SAS 1999). The statistical model included dose, pig and time. Effects of dose were tested using animal within dose as the error term. Time was tested using dose time as the error term and dose time was tested by the residual. Differences between treatment means within a time were determined by least-squares contrasts (SAS 1999) . 
Results
EXP I
All doses of SHU9119 failed to increase feed intake compared with saline controls in EXP Ia (Fig. 1 ) and EXP Ib (Fig. 2) . However, by 48 h all doses suppressed (P,0·05) feed intake compared with saline controls, except for the 1 nmol dose in EXP Ia at 48 h. Serum glucose and FFA were similar among the groups and averaged 134 43 mg/dl and 248 51 mEq/l respectively. Treatment with SHU9119 in EXP Ia failed to affect serum LH and GH concentrations (Figs 3 and 4) . These results were unexpected and may in part be related to the use of a modified i.c.v. injection system. Thus, EXP Ic was conducted to determine if the modified i.c.v. injection system was compromised. We have previously reported that leptin inhibits feed intake in the pig (Barb et al. 1998) . Thus, i.c.v. administration of leptin should suppress feed intake. Leptin and NDP-MSH suppressed (P,0·05) feed intake by 48 h (Fig. 5) . These results indicate that the i.c.v. injection system was not compromised. The failure of SHU9119 to increase feed intake may in part be related to the dose of SHU9119 employed, therefore EXP Ib was conducted to examine higher doses of SHU9119.
EXP II
EXP IIa
By 12 h the 0·3 and 3 nmol doses of NDP-MSH reduced (P,0·05) feed intake compared with saline controls (Fig. 6) . By 24 h, all doses of NDP-MSH suppressed (P,0·05) feed intake compared with control animals. However, by 96 h only the 0·3 and 3 nmol doses continued to suppress feed intake.
EXP IIb
There was a nutritional status time interaction (P,0·001). In fed animals NDP-MSH suppressed (P,0·06) feed intake at all times. In contrast, NDP-MSH suppressed feed intake at 12 h (P,0·08), 48 h and 72 h (P,0·02) after treatment in fasted animals (Fig. 7) . Serum LH and GH concentrations were unaffected by NDP-MSH treatment in EXP IIa (data not shown). In EXP IIb, a treatment time interaction was detected for GH (P,0·001). Serum GH concentrations increased (P,0·05) by 45 min after i.c.v. injection of 10 µg NDP-MSH and decreased (P,0·05) during 6 h after treatment (Fig. 8) . However, serum LH concentrations were unaffected by treatment. Serum glucose and FFA were similar among the groups in EXP IIa and b and averaged 123 16 mg/dl and 307 75 mEq/l and 121 14 mg/d and 411 68 mEq/l, respectively.
EXP IIIa and b
The failure of the MC3/4-R antagonist SHU9119 (EXP Ia and Ib) to stimulate feed intake suggests involvement of other brain peptide(s) such as AGRP, which antagonize the action of SHU9119 at the MC3/4-R. In EXP IIIa, a treatment time interaction was detected (P,0·01). Fed Figure 5 Cumulative feed intake (means S.E.) for pigs receiving i.c.v. injections of saline (n=4), 100 g leptin (n=4) or 3 nmol (n=3) of MC3/4-R agonist, NDP-MSH. Times at which effects of treatment were different from saline-treated animals, *P,0·05.
intake was reduced (P,0·05) by the 1 µg dose by 48 h and by the 10 µg dose by 72 h after treatment compared with saline-treated animals (Fig. 9) . In EXP IIIb, AGRP increased (P,0·05) feed intake after the 18·4 µg dose and at 24 h after the 73·8 µg dose compared with saline controls (Fig. 10) . In contrast, the 36·9 µg dose suppressed (P,0·05) feed intake at 48, 72 and 96 h compared with saline controls (Fig. 10) . Sequenced PCR products from genomic DNA demonstrated that pigs were heterozygous for an Asp-298-Asn single nucleotide polymorphism in the MC4-R gene (Fig. 11) .
SHU9119, MC4-R antagonist
The MC4-R-mediated cAMP response to NDP-MSH was effectively blocked by SHU9119 in HEK293A cells expressing the porcine MC4-R that did not have the missense mutation (Fig. 12 ).
Discussion
The control of feeding involves a complex network of central neuronal pathways and peripheral physiological feedback mechanisms (Matteri 2001) . Within the central nervous system, regulation of appetite and BW involve several neuropeptides, which include NPY, corticotropinreleasing hormone, cocaine-and amphetamine-regulated transcript, galanin, orexin and melanin concentrating hormone and peripheral signals such as leptin and insulin, which act to mediate hypothalamic activity (Lawrence et al. 1999 , Matteri 2001 . Feed intake may be regulated primarily by NPY, proopiomelanocortin and AGRP, with leptin being the primary peripheral signal regulating the activity of these peptides. Recent evidence suggests that the melanocortin system, specifically signaling emanating from MC4-R, is a major pathway in regulating feeding behavior (Murphy et al. 1998 , Cone 1999 . In the present study, administration of an MC3/4-R agonist, NDP-
Figure 6
Cumulative feed intake (means S.E.) for pigs receiving i.c.v. injections of saline (n=4) or 0·03 nmol (n=4), 0·3 nmol (n=4) or 3 nmol (n=4) of MC4-R agonist, NDP-MSH. Times at which effects of treatment were different from saline-treated animals, *P,0·05.
MSH, suppressed feed intake compared with controls at 12, 24, 48 and 72 h after treatment in growing pigs. Fed pigs were more responsive to the MC3/4-R agonist then fasted animals. Thus, one might predict that central administration of the MC4-R antagonist would stimulate feed intake. However, treatment with MC4-R antagonist, SHU9119, across a wide dose range, failed to stimulate intake, suggesting involvement of other brain hormone(s) such as AGRP, which antagonize the action of SHU9119 at the MC4-R, blocking its stimulatory effect on feeding behavior.
AGRP mRNA has been identified in the hypothalamus and pituitary in the pig (Dyer et al. 2000) , rat ) and primate (Haskell-Luevano et al. 1999) . AGRP acts as an endogenous antagonist of the MC3-R and MC4-R (Ollmann et al. 1997 , Rossi et al. 1998 . In mice, central administration of AGRP or the MC4-R antagonist SHU9119 robustly increased feeding behavior, indicating that antagonism of the MC4-R is an important orexigenic signal (Giraudo et al. 1998 , Wirth & Giraudo 2000 . Thus, AGRP effects on feed intake appear to require a functional MC4-R. In the present study, AGRP exhibited both antagonistic and agonistic effects on feed intake. The failure of i.c.v. administration of AGRP to consistently stimulate feed intake supports the idea that the melanocortin system does not play a critical role in regulating appetite in the pig, or alternatively there are missense variants of the MC4-R associated with feed intake traits. In the human, missense mutations in the MC4-R have been identified (Hinney et al. 1999 ) and mutations in MC4-R have been implicated as an underlying factor in a significant population of obese human patients (4-5% of morbid obesity; Farooqi et al. (2000) ). Furthermore, a recent report (Kim et al. 2000) demonstrated that a missense variant of the porcine MC4-R gene is associated with fatness, growth and feed intake traits. This report revealed a missense mutation at a highly conserved region that replaces aspartic acid with Figure 7 Cumulative feed intake (means S.E.) for pigs fed freely or fasted (fed vs fasted) and pigs receiving i.c.v. injections of saline or 10 g MC4-R agonist, NDP-MSH (saline vs NDP-MSH) resulting in the following groups; fed+saline (n=3), fed+NDP-MSH (n=3), fast+saline (n=4) and fast+NDP-MSH (n=4). A nutritional status time interaction was detected (P,0·001). Times within nutritional status at which effects of treatment were different from saline-treated animals, *P,0·08, **P,0·06, ***P,0·05, ****P,0·02.
asparagine at amino acid 298, the position identical to human MC4-R protein (Kim et al. 2000) . A structure and function relationship has been observed in natural and experimentally induced MC-R mutations in humans (Valverde et al. 1995 , Frandberg et al. 1997 ) and mice (Robbins et al. 1993) . In the present study, all pigs were heterozygous for the MC4-R genotype as described by Kim et al. (2000) . It is possible that this MC4-R mutation alters MC4-R function and in part may explain the agonistic effects of SHU9119 and AGRP on feed intake. Furthermore, it should be noted that that the porcine MC4-R sequence used to make the HEK293 cell line did (n=4) or 10 g MC4-R agonist, NDP-MSH (n=4). A treatment time interaction was detected for GH (P,0·001). Times at which effects of treatment were different from saline-treated animals, *P,0·05.
not have the missense mutation. Moreover, the EC 50 and IC 50 values reported herein for the pig are similar to those reported for the human MC4-R , Grieco et al. 2002 , confirming that it is possible for the wild type pig MC4-R to respond to SHU9119. Thus, a functional MSH antagonist pathway may be related to MC4-R genotype expressed.
The action of leptin and NDP-MSH on feed intake does not support the idea of a non-functional MC4-R. Centrally, the action of leptin is mediated in part by a reduction in hypothalamic AGRP expression and increased MC4-R activity (Wilson et al. 1999) . Alternatively, hypothalamic NPY is a potential target in mediating appetite (Blum 1997) . Thus, the action of leptin on feed intake in the present study may be mediated by other appetiteregulatory mechanisms. However, the action of NPD-MSH, an MC3/4-R agonist, to inhibit feed intake suggests the presence of a functional MC4-R and MC3-R. This dichotomy may be attributable to the MC4-R variants possessing functionally distinct characteristics in the regulation of feed intake and BW, thus explaining the reduction in feed intake following SHU9119 administration. Further work is needed to fully characterize the functional consequences of this MC4-R mutation and implications on regulation of feeding and metabolism in pigs. Moreover, highly conserved residues in the MC4-R protein structure may be critical for ligand binding and signal transduction (Tatro 1996 , Oosterom et al. 2001 .
In the present study, acute i.c.v. injections of the MC3/4-R antagonist SHU9119 or the agonist NDP-MSH, across a wide dose range, failed to influence LH or GH secretion, except for the 10 µg dose of NDP-MSH, which exhibited both a stimulatory and an inhibitory effect on GH secretion in fasted animals. These findings are in partial agreement with a recent report in which chronic i.c.v. infusion of 10 nmol/day SHU9119 for 7 days increased feed intake with no apparent effect on the reproductive and somatotropic axis in male rats (Raposinho et al. 2000) . This paradox may, in part, be related to species, gender, nutritional status or treatment differences. Perhaps during nutrient deprivation the somatotropic axis is more sensitive to activation of the MC4-R. Although the role of the MC3/4-R in modulating GH secretion was equivocal, the effects on LH secretion were not apparent. Furthermore, no disruption in reproductive function was observed in mice overexpressing agouti (Wolf et al. 1986 , Klebig et al. 1995 , AGRP , Ollmann et al. 1997 or in MC4-R knockout mice (Huszar et al. 1997) . These observations are consistent with the idea that the Figure 9 Cumulative feed intake (means S.E.) for pigs receiving i.c.v. injections of saline (n=4) or 0·1 g (n=4), 1·0 g (n=4) or 10 g (n=3) of AGRP. A treatment time interaction was detected (P,0·01). Fed intake was reduced (*P,0·05) by the 1 g dose by 48 h and the 10 g dose by 72 h after treatment compared with saline-treated animals.
melanocortin system does not regulate the gonadotropic axis. In contrast to this idea, i.c.v. injections of the MC3/4-R antagonists, SHU9119 and HS014, suppressed the magnitude of the LH and PRL surges in normal-fed steroid-primed OVX rats (Wantanobe et al. 1999) , while blockade of the MC3/4-R with AGRP blocked the LH and PRL surges (Schioth et al. 2001) . It is important to note that the estradiol-induced LH and PRL surges in female rats have no corresponding mechanism in male rats. Moreover, the neuroendocrine mechanisms that regulate surge hormone secretion are very different from mechanisms regulating tonic hormone secretion (Kraeling & Barb 1990 ). Thus the role of the melanocortins in regulating LH and GH secretion may in part be species-, gender-and steroid-dependent.
In summary, although it was demonstrated that SHU9119 is an MC4-R antagonist in the pig, blockade of the MC3/4-R with SHU9119 and AGRP failed to stimulate appetite, while NPD-MSH, an MC3/4-R agonist, inhibited feed intake, suggesting the presence of a functional MC4-R and MC3-R. This paradox may be attributable to the MC4-R variants possessing functionally distinct characteristics in the regulation of appetite, or alternatively the melanocortin system does not play a primary role in regulating feed intake in the pig. Furthermore, based on the experimental paradigm used in the present study the melanocortin system does not appear to regulate tonic LH secretion, while the effects on GH secretion are equivocal. More detailed examination of the physiological role of the melanocortins in modulating LH and GH secretion is needed. Figure 10 Cumulative feed intake (means S.E.) for pigs receiving i.c.v. injections of saline (n=4) or 18·4 g (n=3), 36·9 g (n=4) or 73·8 g (n=4) of AGRP. Times at which effects of treatment were different from saline-treated animals, *P,0·05.
Figure 11
Identification of a mutation in the porcine MC4-R gene. Identification of a G6A substitution in the porcine MC4-R gene by Taq1 digestion of PCR products as described in Materials and Methods. Genomic DNA from representative animals (1-8) were used as a PCR template. The (+) symbol denotes the addition of Taq1 restriction enzyme into the restriction digest mixture. Invitrogen 50 bp markers were included to determine the approximate size of DNA fragments. A porcine MC4-R (pMC4-R) clone (sequence identical to Genbank AB021664), which does not contain the single nucleotide polymorphism, was included as a control.
In conclusion, the role of the MC4-R pathway in regulating feed intake in the pig appears to be MC4-R genotype-dependent. 
